ABSTRACT D e t a i l e d e x p e r i m e n t s o f smoke l a y e r development i n A t r i a r e v e a l e d t h e need f o r r e f i n i n g t h e r e l a t i o n s h i p s f o r 1 ) a i r e n t r a i n m e n t r a t e s i n t o low Froude number ( l a r g e d i a m e t e r ) p o o l f i r e s , and 2 ) t h e c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t t o t h e walls.
INTRODUCTION
B u i l d i n g s having a t r i a have become i n c r e a s i n g l y popular i n r e c e n t y e a r s , because o f t h e charm and t h e comfort o f f e r e d by t h o s e a t r i a t o b u i l d i n g s p a c e s .
However, concern e x i s t s t h a t smoke may s p r e a d r a p i d l y and widely i n a b u i l d i n g t h r o u g h an a t r i u m i n t h e e v e n t o f f i r e . D e s p i t e t h i s , r a t i o n a l methodologies and s t a n d a r d s f o r f i r e s a f e t y f o r s u c h b u i l d i n g s have n o t y e t been w e l l e s t a b l i s h e d i n t h e c u r r e n t b u i l d i n g r e g u l a t i o n s .
In o r d e r t o p r e v e n t smoke s p r e a d i n g through a n a t r i u m t o t h e a d j a c e n t f l o o r a r e a s , i t is n e c e s s a r y t h a t t h e p a r t i t i o n s , i n c l u d i n g t h e g l a z i n g , have a T h e a t r i u m s p a c e c o n d i t i o n s a t a s t e a d y state. c e r t a i n l e v e l o f h e a t r e s i s t a n t performance s o t h a t t h e y w i l l n o t be broken by t h e exposure t o t h e h o t smoke l a y e r caused by p o s s i b l e f i r e , and t h a t t h e p a r t i t i o n s a r e s u f f i c i e n t l y a i r t i g h t o r t h e a t r i u m s p a c e i s k e p t a t n e g a t i v e p r e s s u r e r e l a t i v e t o t h e p r e s s u r e s o f t h e f l o o r a r e a s .
I n a d d i t i o n , it i s n e c e s s a r y t o keep t h e c l e a r h e i g h t a t a c e r t a i n l e v e l i n c a s e t h e a r e a o r t h e geometry o f a n a t r i u m is s u c h t h a t it may c a u s e g r e a t d i f f i c u l t y f o r f i r e f i g h t e r s t o p u t o u t f i r e s w i t h o u t endangering t h e i r l i f e s by e n t e r i n g i n t o t h e a t r i u m .
In t h i s s t u d y , t h e v a l i d i t y o f t h e simple two l a y e r zone model ( I ) , d e v e loped t o i n v e s t i g a t e t h e e f f i c i e n c y of smoke c o n t r o l e f f e c t by n a t u r a l v e n ti n g , is examined by experiments ( 1 ) u s i n g a model a t r i u m where t h e e f f e c t s o f h e a t r e l e a s e r a t e o f f i r e , smoke v e n t a r e a and a i r i n l e t a r e a a r e invest i g a t e d ( 1 ) .
The agreement o f t h e two l a y e r zone model w i t h t h e e x p e r i m e n t s is n o t s o good r e g a r d i n g p r e d i c t i o n s o f smoke l a y e r d e p t h and smoke l a y e r temperat u r e . T h i s d i s c r e p a n c y is a t t r i b u t e d t o t h e i n a p p l i c a b i l i t y o f s t a n d a r d plume e n t r a i n m e n t and h e a t t r a n s f e r r e l a t i o n s h i p s ( 1 , 2 ) t o t h i s problem. By u s i n g t h e d e t a i l e d e x p e r i m e n t a l r e s u l t s from t h i s s t u d y , new c o r r e l at i o n s a r e developed f o r a ) ( t h e r m a l ) plume e n t r a i n m e n t i n a n i n t e r m e d i a t e r e g i m e , and b) n a t u r a l c o n v e c t i v e h e a t t r a n s f e r t o t h e w a l l s o f a compartmen t .
EXPERIMENTAL SETUP AND MEASUREMENTS
A s t e a d y s t a t e experiment i n a s m a l l s c a l e model a t r i u m , 2.0 m x 2.0 m x 5 . 0 m ( h e i g h t ) , a s shown i n F i g u r e 1, h a s been designed f o r a ) measuring h e a t l o s s e s , e n t r a i n m e n t , h o t l a y e r t e m p e r a t u r e s and n e u t r a l p l a n e l o c at i o n ; and b ) v a l i d a t i n g two l a y e r zone models.
Both t h e e x h a u s t opening a r e a and t h e i n l e t a r e a could be v a r i e d d u r i n g t h e t e s t s . A c o l l e c t i o n hood was p l a c e d . 3 m above t h e c e i l i n g f o r measuring h e a t r e l e a s e r a t e s and e x h a u s t mass flow r a t e s by r e c o r d i n g (C02) s p e c i e s c o n c e n t r a t i o n s b o t h i n s i d e t h e h o t l a y e r and i n s i d e t h e hood e x h a u s t p i p e ( 1 ) .
A c i r c u l a r methane g a s b u r n e r . 3 m i n d i a m e t e r was placed .5
m above t h e f l o o r t o a v o i d blowdown o f t h e f i r e plume owing t o t h e opening j e t from t h e a i r i n l e t . The f o l l o w i n g t e s t c o n d i t i o n s were a p p l i e d ( t o t a l 48 t e s t s ) :
Heat (smoke vent a r e a o v e r i n l e t a r e a ) .
A d e t a i l e d s e t o f e x p e r i m e n t a l measurements were t a k e n :
( a ) t e m p e r a t u r e p r o f i l e s i n t h e h o t l a y e r ; b ) v e r t i c a l p r e s s u r e d i s t r i b u t i o n ; c ) s p e c i e s ( 0 2 , COT CO) c o n c e n t r a t i o n i n s i d e t h e h o t l a y e r and i n s i d e t h e c o l l e c t i n g hood.
h e d e t a i l e d , c a r e f u l l y c o l l e c t e d r e s u l t s have been p r e s e n t e d i n a p r e v i o u s paper by I s h i n o and Tanaka ( 1 ) .
A s i m p l e two l a y e r model based on s t a n d a r d e n t r a i n m e n t and h e a t t r a n s f e r r e l a t i o n s h i p s ( 1 , 2 ) f a i l e d t o reproduce t h e e x p e r i m e n t a l r e s u l t s and t r e n d s . ( 1 ) w i t h t h e p r e s e n t experiments: F i g u r e 2 p l o t s t h e smoke l a y e r a v e r a g e t e m p e r a t u r e and F i g u r e 3 p l o t s t h e smoke l a y e r i n t e r f a c e h e i g h t a t s t e a d y s t a t e c o n d i t i o n s and f o r v a r y i n g opening a r e a r a t i o (smoke v e n t a r e a ) a i r i n l e t a r e a ) .
Each
An a t t e m p t was u n s u c c e s s f u l f o r improving t h e agreement o f p r e d i ct i o n s w i t h e x p e r i m e n t s by changing t h e propo
o n a l i t y c o e f f i c i e n t i n t h e plume e n t r a i n m e n t r e l a t i o n s h i p from: Cm = .2lrif t o Cm = .30 ( s e e Eq. ( 1 ) ) ,
as i s i n d i c a t e d i n F i g u r e s 2 and 3 . I n t h i s work, i n d e e d , we have found o u t t h a t t h i s d i s c r e p a n c y can be a t t r ibuted t o t h e l a c k o f a p p l i c a b i l i t y o f e x i s t i n g s t a n d a r d r e l a t i o n s h i p s f o
r e n t r a i n m e n t r a t e s and c o n v e c t i v e h e a t t r a n s f e r t o t h e p r e s e n t problem.
ENTRAINMENT RATES AND CONVECTIVE HEAT TRANSFER IN ATRIA AND ROOM FIRES
In t h e s t e a d y s t a t e experiments of t h e model Atrium ( F i g u r e 1 ) t h e e x h a u s t r a t e from t h e c e i l i n g v e n t is equal t o t h e a i r e n t r a i n e d i n t h e plume o v e r a l e n g t h e x t e n d i n g from t h e pool s u r f a c e t o t h e smoke l a y e r i n t e r f a c e h e i g h t .
We have shown t h a t a s y m p t o t i c plume e n t r a i n m e n t r e l a t i o n s h i p s ( i n c l u d i n g v i r t u a l o r i g i n ) ( 1 ) do n o t reproduce t h e s e e x p e r i m e n t a l r e s u l t s w e l l f o r e n t r a i n m e n t and t h i s is a reason f o r t h e d i s c r e p a n c y between p r ed i c t i o n s and e x p e r i m e n t a l r e s u l t s ( 1 ) a s was c i t e d e a r l i e r i n t h i s p a p e r . T h i s is w e l l demonstrated i n F i g u r e s 4a and 4b, by u s i n g t h e f o l l o w i n g method.
For t h e a s y m p t o t i c plume entrainment r e l a t i o n s h i p s , one would h a v e wherein p a , T a r e ambient a i r p r o p e r t i e s , g is t h e g r a v i t a t i o n a l acc e l e r a t i o n , lpis t%e ( c o n v e c t i v e ) h e a t r e l e a s e r a t e , Z is t h e d i s t a n c e from t h e plume o r i g i n , and Zo is t h e v i r t u a l o r i g i n . ( 1 ) Such r e l a t i o n s h i p s would b e a p p l i c a b l e f o r t h e p r e s e n t d a t a , i f a p l o t o f ( m e n t /~1 / 3 ) 3 / 5 v s . h e i g h t Z was a s t r a i g h t l i n e . F i g u r e s 4a and 4b show t h i s p r o p o s i t i o n is n o t r e a l l y t r u e .
I n s t e a d , we have found t h a t t h e entrainment r a t e is c o r r e l a t e d by t h e exp r e s s i o n ( s e e F i g u r e s 5 a , 5 b ) : m e n t Z Q 7 = .032 g wherein t h e e n t r a i n m e n t r a t e , merit, is i n kg/s and t h e h e a t r e l e a s e r a t e , Q, i s i n kW; Z i s t h e v e r t i c a l d l s t a n c e from t h e p o o l having d i a m e t e r , D .
One s h o u l d a l s o n o t e t h a t t h e r e l a t i o n s h i p i n E q . ( 2 a ) was p r e d i c t e d ( 3 )
h e i g h t f i r e and f o r 0 < 3. One could a l s o g e n e r a l i z e Eq. ( 2 a ) by u s i n g d i m e n s i o n l e s s q u a n t i t i e s ( 3 ) ; Z =SMOKE HEIGHT--0.5 (m) F i g u r e 4 a , C o r r e l a t i o n method o f e n t r a i n m e n t plume d a t a by u s i n g a s t a n d a r d 4b a s y m p t o t i c e n t r a i n m e n t r e l a t i o n s h i p ( s e e Eq. ( 1 ) ) . The r e s u l t s a r e f o r a plume above t h e flames ( = 10 cm) f o r a pool f i r e 30 cm i n d i a m e t e r and v a r i o u s t e s t c o n d i t i o n s a t 10 kW ( F i g . 4 a ) and a t 20 kW ( F i g . 4 b ) . S i n c e t h e d a t a a r e n o t l y i n g on a s t r a i g h t l i n e , s t a n d a r d e n t r a i n m e n t r e l a t i o n s h i p s ( i . e . , Eq. F i g u r e 5 a . New c o r r e l a t i o n f o r a i r e n t r a i n m e n t t o t h e plume above t h e f l a m e s ( = 10 cm) f o r a pool f i r e of d i a m e t e r 30 cm a t 10 kW a t v a r i o u s t e s t c o n d i t i o n s ( v e n t qpening and i n l e t o p e n i n g ) .
Z=SMOKE H E I G H T -. 5 (m)
F i g u r e 5 b . Same a s i n F i g . 5a b u t f o r a 20 kW f i r e . Data i n F i g u r e s 5a and 5b c l o s e l y l i e on t h e same s t r a i g h t l i n e ( s e e E q . ( 2 a ) ) .
where p , c ,Tm a r e ambient a i r properties and g is the g r a v i t a t i o n a l accelerZtioR.
The convective heat losses t o the wall and t o the ambient a i r outside t h e atrium can be derived from the exhaust r a t e and the temperature r i s e measurements because v e r t i c a l thermocouple rack measurements ( 1 ) v a l i d a t e the representation of the system a s a two-layer system ( r a d i a t i v e l o s s e s and exchanges were negligible in the present experiments). I t has been shown from data analysis t h a t the convective heat l o s s e s , QL, a r e represented by the following simple expression:
where b is the convective heat release from the Fire, A. is the horizontai area of an atrium ( o r a room), and As is the t o t a l area (wall plus c e i l i n g ) bounding the upper hot layer. Figure 6 shows a comparison between t h e measured and calculated r e s u l t s by using E q . ( 3 a ) . E q . ( 3 a ) can be a l s o interpreted as a Stanton heat t r a n s f e r c o e f f i c i e n t :
and AT = T g , a -T m The correction owing to the difference between the inside wall temperature, Ti, and the (ambient) outside a i r temperature, Tm, can be calculated from a steady s t a t e heat t r a n s f e r equation.
The thickness of the wall is 6 = 12 mm and the thermal conductivity of the wall is about ( 1 ) k = .23 W/mK. Thus, wherein hi, ho a r e the natural convective heat transfer c o e f f i c i e n t s t o t h e wall on i t s inside and outside surfaces respectively.
For turbulent natural convection, it is e timated t h a t in the present steady s t a t e case: 
